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Research concerning the effects of age and fitness on cerebral blood flow velocity 
during orthostatic stress is limited. Therefore, cardiovascular and cerebral blood flow 
responses were examined during graded lower body negative pressure (LBNP) in fit (10 
young, 10 elderly) and unfit (10 young, 10 elderly) subjects. Subjects aged 60 or over were 
classified in the elderly group and subjects aged 20-30 were classified in the young group. 
LBNP Tolerance Index (LTI) did not differ significantly between the groups. The main 
findings of the study are that 1) cerebral blood flow velocity remains fairly constant during 
LBNP (compared to rest) until presyncope, 2) cerebral blood flow responses do not 
significantly differ between the elderly and young, and 3) cerebral blood flow decreases 
significantly more in fit people than in unfit people at presyncope. In other words, cerebral 
blood flow decreases more in fit people regardless of age. Our findings suggest that the 
mean cerebral blood flow velocity remains fairly constant throughout LBNP until 
presyncope, in which the fit young and fit elderly groups had significant decreases in cerebral 
blood flow compared to rest. 
CHAPTER 1: INTRODUCTION 
Orthostatic intolerance is a failure of the cardiovascular system to adjust to a sudden 
change from sitting or supine to an upright posture. Individuals can experience dizziness 
because of the orthostatic effect during positional maneuvers, after bed rest, and after 
returning from the weightlessness of space. An extended amount of time in an upright 
position induces orthostatic intolerance by allowing gravity to pool blood in the vessels of the 
lower extremities. This pooling of blood results in a reduced venous return causing stroke 
volume and cardiac output to be reduced as well. The resultant fall in arterial pressure and 
ultimately the lack of oxygen-rich blood to the brain may lead to unconsciousness after 
extended periods of time in an upright position. 
Orthostatic intolerance is caused by a reduction of cerebral blood flow, which can be 
sufficient to cause loss of consciousness. The initial symptoms of orthostatic intolerance 
may include lightheadedness, which is secondary to the cardiovascular system's diminished 
ability to return blood that has been pooled in the lower extremities back up to the heart and 
brain. Normally, activity such as walking causes muscle contractions in the legs to be 
sufficient to minimize the pooling and allow for the return of blood back to the heart. An 
important short-term mechanism for regulating blood pressure on a beat-to-beat basis is the 
baroreceptor reflex, by which a drop in arterial blood pressure, especially in the aortic and 
carotid arteries, is sensed by stretch receptors. The baroreceptor reflex allows the body to 
compensate by increasing heart rate and total peripheral resistance (Gotshall et al., 1991; 
Frey et al., 1988). 
The specific mechanisms underlying orthostatic intolerance are not yet fully 
understood. It has been argued that cerebral blood flow should remain constant when blood 
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pressure changes, if cerebral autoregulation exists (Zhang et al., 2000). However, some 
· studies have concluded that cetebrai- biood flow during orthostatic stress may be 
compromised due to cerebral vasoconstriction in association with impairment of cerebral 
autoregulation (Zhang et al., 1997; Zhang et al., 1998; Levine et al., 1994; Bondar et al., 
1995). These studies showed a decrease in cerebral blood flow velocity while mean arterial 
pressure was maintained during orthostatic stress. According to Levine et al. (1994), 
autoregulation keeps cerebral blood flow constant during low levels of orthostatic stress (i.e. 
up to -40 mmHg) and is overridden by arterial baroreceptor-mediated sympathetic activity 
when central blood volume becomes severely reduced. The resultant decrease in cerebral 
blood flow velocity may contribute to orthostatic intolerance or presyncope. 
Few studies have examined the roles of age and activity level on cerebral blood flow 
during lower body negative pressure (LBNP), a laboratory tool which mimics orthostatic 
stress. LBNP is gravity-independent and is used on subjects in a supine position in order to 
minimize the effects of skeletal muscle contractions (Blomqvist et al., 1983) and it applies a 
consistent decrease in pressure to the baroreceptors. A limited amount of literature compares 
cerebral blood flow response differences in the elderly and young. It is unclear whether age 
affects cerebral blood flow responses to LBNP. Furthermore, few studies compared cerebral 
blood flow responses in aerobically fit versus unfit people. Although Levine et al. (1994) 
found cerebral blood flow to be unaffected by fitness, the existing literature indicates 
conflicting findings with regard to the effects of fitness on orthostatic tolerance. This present 
study is unique and should provide insight on factors contributing to orthostatic hypotension 
by focusing on age, fitness levels, and cerebral blood flow. In particular, this study will 
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examine the blood flow velocity in the middle cerebral artery when LBNP is applied to 
presyncope. 
Statement of the Problem 
The effects of age and fitness status on cerebral blood flow velocity during orthostatic 
stress remain unclear. A closer examination of cerebral blood flow is necessary to 
understand the effects of age and exercise on orthostatic tolerance. 
Research Hypotheses 
Hypotheses: 1) Cerebral blood flow velocity will decrease with LBNP. 2) Cerebral 
blood flow responses to LBNP will differ between the elderly and young. 3) Cerebral blood 
flow responses to LBNP will differ between the fit and unfit. 
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CHAPTER 2: REVIEW OF LITERATURE 
The purpose of this review is to discuss the relevant literature that primarily focuses 
on cerebral blood flow and the effects of age and fitness level on orthostatic tolerance. First, 
this review will summarize the methods of measuring cerebral blood flow and clinical 
implications of cerebral blood flow velocity changes during orthostatic stress. Second, the 
effects of age on cerebral blood flow velocity during orthostatic stress (with tilt tests and 
LBNP) will be reviewed. Finally, this review will examine the effects of fitness level on 
cerebral blood flow during LBNP. 
Cerebral Blood Flow Velocity 
Blood flow velocity in the middle cerebral artery (MCA) is often examined because 
this vessel has the highest blood volume flow (80% transport) to the cerebral hemisphere 
from the circle of Willis (Rock, 1989). The systolic, diastolic, and mean velocities are 
derived from averages of respective velocities within the sample volume of insonation over 
several heart beats (Giller et al., 1997). 
The transcranial Doppler (TCD) is a common tool that measures blood flow velocity 
(emfs) in the intracranial arteries. The TCD can be used to determine possible impairment in 
cerebral autoregulation and can be used to compare velocities with changes in blood 
pressure. This tool allows noninvasive and repeatable estimates of changes in the MCA 
blood flow velocity on a beat-to-beat basis (Aaslid et al., 1982). The Doppler probe 
generates a piezoelectric effect via crystals inside the ultrasound transducer. The pulsed 
wave allows the transducer to alternately send and receive ultrasound waves. Through 
ultrasonic gel, the Doppler probe can detect the signals reflected by moving objects (i.e. 
blood flow). The MCA can be identified by the flow direction (toward the probe) at a depth 
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of 35-65 mm from the skin's surface. The return signal of the MCA should be displayed 
above the baseline on the Fast Fourier Transformation (FFT) window to imply that the blood 
is flowing toward the probe. Even though normal MCA flow velocities should be the 
strongest of all possible signals at the depth of 55 mm, slightly lower velocities should be 
expected in elderly patients as compared to younger patients (MULTI-DOP Operating 
Instructions, 1995). 
TCD ultrasound can also be used to detect severe intracranial stenosis. The size of 
the vessel lumen affects blood pressure and velocity of flow. Blood flow velocity increases 
while the blood pressure drops if the diameter of the lumen suddenly narrows (Rock, 1989). 
However, a roughened and narrowed vessel wall as a result of atherosclerosis can actually 
slow the velocity of red blood cells. The roughened vessel wall creates a turbulent flow 
pattern forcing the red blood cells to bump into each other, thus not allowing the blood to 
flow smooth and fast (Rock, 1989). 
Effects of Age on Cerebral Blood Flow and Orthostatic Tolerance Using Head-Up Tilt 
Levine et al. (1994) suggested that because of the difficulty with methods, a limited 
amount of research has focused on changes in cerebral blood flow during orthostatic stress 
with LBNP. Moreover, few studies have examined the effects of age on cerebral blood flow 
during LBNP application. Methodologies are inconsistent among the existing literature 
because cerebral blood flow has typically been studied during tilt tests, while only a handful 
of studies use LBNP to induce orthostatic hypotension. Furthermore, of the LBNP studies 
that focus on cerebral blood flow, none were performed on people over the age of fifty. The 
only known studies that examined cerebral blood flow in older people were with the use of 
head-up tilt rather than LBNP to induce orthostatic stress. 
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Head-up tilt in a supine position has been used to simulate microgravity's 
hemodynamic alterations during orthostatic hypotension. Blaber et al. (1997) examined 
cerebral blood flow in men (n=5) and women (n=6) aged 42-82 during graded tilt. None of 
the subjects reached presyncope and no differences in mean flow velocity were revealed over 
the levels of tilt between healthy subjects and those with autonomic failure. Brooks et al. 
(1989) also studied older subjects, some of which had autonomic failure. Males (n=5) and 
females (n=5) aged 23-78 were studied during head-up tilt; cerebral autoregulation was 
preserved in patients with autonomic dysfunction. There were no differences in cerebral 
blood flow among patients with pure autonomic dysfunction during the tilt. However, these 
subjects were not compared to a healthy control group although the authors suggested that 
tilting normal subjects would have no significant effect on cerebral blood flow velocity while 
blood pressure would increase slightly, suggesting normal autoregulation. The subjects were 
also administered ephedrine, which is frequently used for hypotensive patients. Ephedrine 
acts primarily as an indirect sympathomimetic agent and secondly as a direct agonist, which 
increases heart rate, blood pressure, and to a lesser extent cerebral blood flow velocity 
(Brooks et al., 1989). However, in this study it was found that ephedrine produced no 
significant change in cerebral blood flow, which offers evidence of preservation of cerebral 
autoregulation. 
Novak et al. (1998) examined men (n=15) and women (n=20) ranging in age from 29 
to 78 years during head-up tilt. Fourteen of the subjects were in the healthy control group 
and 21 subjects had neurogenic orthostatic hypotension. They monitored cerebral blood flow 
in the middle cerebral artery during 80° head-up tilt for 5-10 minutes and also found blood 
pressure to increase slightly while mean cerebral blood flow velocity remained stable. 
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However, the subjects with autonomic failure manifested a large fall in mean cerebral blood 
flow velocity during small blood pressure reductions, suggesting impaired autoregulation. 
The study did not differentiate between the effects of age but perhaps the younger subjects 
had intact cerebral autoregulation (because the control group was generally younger and 
reflected preserved autoregulation as compared to the neurogenic orthostatic hypotension 
group). 
Some studies have been done using tilt tests to induce orthostatic intolerance in 
younger subjects ( <age 50). These studies suggested that cerebral autoregulation also 
functions properly in younger populations during head-down tilt (Frey et al., 1993) but takes 
3 to 9 minutes for the autoregulation to fully set in (Savin et al., 1995). Frey et al. (1993) 
measured cerebral blood flow in 9 males aged 19-42 years at 10° head-down tilt for 48 hours 
in order to produce fluid shifts similar to those experienced in microgravity (weightlessness). 
They found cerebral blood flow velocity in the MCA to be inversely correlated with arterial 
pressures. 
Savin et al. (1995) examined the time for cerebral autoregulation to become activated 
in men (n=5) and women (n=5) with a mean age of28.7 years. Each subject rested in a 
supine position for 15 minutes and then went to a 10° head-down tilt, sitting, and standing 
position with supine rest in between each change. The authors found blood flow velocity in 
the MCA to be elevated by 6% after 3 minutes of the head-down tilt position as compared to 
a decreased velocity by 14% in the standing position after 3 minutes. Interestingly, at the 9th 
minute of tilt, sitting, or standing, cerebral blood flow velocities did not significantly differ 
from supine rest. This suggests that cerebral autoregulation takes approximately 3 to 9 
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minutes to fully take place when blood flow velocity increases and arterial pressures 
increase. 
Head-up tilt has also been used in younger subjects. Leftheriotis et al. (1998) 
suggested that cerebral autoregulation and arterial blood pressure is unchanged by a 40° 
head-up tilt (with thigh cuff deflation) because of head-to-foot hydrostatic pressure when 
compared to a supine position. In contrast, Njemanze (1991) also examined young subjects, 
but a wide variation in cerebral blood flow velocity despite constant blood pressure was seen 
with 80° head-up tilt. However, this study cannot be generalized due to a sample size of 5, 
lack of controls, and predisposing medical conditions. 
In summary, the use of head-up tilt has demonstrated no consistent differences in 
cerebral blood flow in the older and younger subjects. If there was a difference, it was not 
demonstrated because of the paucity of comparison of older versus younger people. 
Furthermore, even though more studies have examined cerebral blood flow during tilt tests 
than LBNP, it is believed that LBNP is a better method to induce orthostatic stress because 
more subjects can reach presyncope, and do so with minimal muscle contractions. 
Effects of Age on Cerebral Blood Flow and Orthostatic Tolerance Using LBNP 
A larger number of studies exist on cerebral blood flow changes in younger subjects 
during LBNP rather than tilt tests. Bondar et al. ( 1995) compared the physiological 
responses at the presyncopal end point from subject to subject and assessed the maximal 
level ofLBNP tolerated. Four men and five women aged 18 to 47 years went through 3-
minute LBNP stages (starting at -20 mmHg and increasing in increments of-10 mmHg until 
presyncope). They found subjects to reach presyncope anywhere from -50 to -130 mmHg. 
Furthermore, mean flow velocity in the MCA consistently decreased in all subjects, 
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especially at greater levels of LBNP. At presyncope, they found mean flow velocity to be 
consistently below baseline resting levels (by 27.3±14%). Most importantly, mean flow 
velocity was significantly lower than baseline at LBNP pressures -10 to -20 mmHg before 
presyncope even though mean arterial blood pressure did not significantly change from 
baseline at any LBNP level or at presyncope. 
Ueno et al. (1993) determined the effects of moderate LBNP on cerebral circulation 
in 8 men with a mean age of21±3 years. After baseline measurements, LBNP was applied at 
-10 mmHg for 2 minutes, -20 mmHg for 3 minutes, and -30 mmHg for 25 minutes. They 
found a significant decrease in mean MCA velocity from baseline (70.3±4.3 cm/s) to the 
final 5 minutes ofLBNP (59.9±2.8 cm/s). This study suggested that, with a smaller 
magnitude and longer duration of LBNP, cerebral blood flow velocity would decrease if the 
orthostatic stress were sufficient. 
Zhang et al. (1997) suggested that subjects who regulate arterial pressure more 
successfully show decreases in cerebral blood flow velocity later during low levels of LBNP 
than those prone to syncope. Graded LBNP was used on 11 men and 1 woman with a mean 
age of24±5 years. After 30 minutes ofrest, LBNP was induced at -15 mmHg for 5 minutes, 
-30 mmHg for 5 minutes, -40 mmHg for 5 minutes, -50 mmHg for 3 minutes, and increasing 
increments by -10 mmHg every 3 minutes until tolerance. They found mean cerebral blood 
flow velocity to decrease significantly by 14, 20, and 45% at -40 mmHg, -50 mmHg, and 
maximal LBNP, respectively, while mean arterial pressure did not significantly change from 
rest to -50 mmHg. 
Zhang et al. (1998) also suggested that cerebral blood flow in the MCA decreases 
substantially during LBNP even without a significant change in mean arterial pressure. They 
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examined 5 men and 7 women with a mean age of 32± 7 years to see if cerebral 
autoregulation became impaired during orthostatic stress. After 30 minutes of rest, graded 
LBNP was used to decrease central blood volume. The protocol included 13 minutes at -15 
mmHg, 13 minutes at -30 mmHg, and then increasing increments of negative pressure by -10 
mmHg every 13 minutes until presyncope. LBNP was ended at -50 mmHg for 5 subjects, 
-60 mmHg for 3 subjects, -70 mmHg for 3 subjects, and -80 mmHg for 1 subject. Cerebral 
blood flow velocity decreased by 6,15, and 21 % at -30, -40, and -50 mmHg LBNP, 
respectively, while mean arterial pressure was well maintained. Thirty seconds before LBNP 
release, mean arterial pressure decreased from 89±5 to 81±6 (9.4%) mmHg as cerebral 
blood flow velocity fell from 67±6 to 51±3 (24%) cm/s. The authors speculated that the 
impairment of dynamic autoregulation in association with the decrease in cerebral blood flow 
velocity during LBNP may contribute to orthostatic syncope (Zhang et al., 1998). 
Bondar et al. (1995), Ueno et al. (1993), Zhang et al. (1997), and Zhang et al. (1998) 
provided important information on the decrease of cerebral blood flow velocity in younger 
populations during orthostatic stress, but more exploration is required for older populations. 
With all of the literature taken into account, a conclusion can be made that MCA blood flow 
velocity in younger people consistently decreases as orthostatic stress increases, especially at 
maximal LBNP. It remains uncertain whether age affects this response. The present study 
will be useful in examining cerebral blood flow in older participants. 
Effects of Fitness Level on Cerebral Blood Flow and Orthostatic Tolerance 
A limited amount of literature exists on the effects of fitness on cerebral blood flow 
during LBNP application. Levine et al. ( 1994) examined 13 males (7 endurance athletes, 6 
sedentary students) with a mean age of 27± 7 years during graded LBNP. The protocol 
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consisted of 30 minutes of rest, 15 minutes of LBNP at -15 mmHg, 5 minutes at -30 mmHg, 
15 minutes at -40 mmHg, and 30 minutes at -55 mmHg. Six of the seven endurance athletes 
and one out of the six sedentary students reached presyncope during LBNP. One person 
reached presyncope at -30 mmHg, four people at -40 mmHg, and two people at -55 mmHg. 
Since six out of the seven people who reached presyncope during this LBNP protocol were 
endurance athletes, these data suggest that endurance training results in a reduced orthostatic 
tolerance (i.e. low LBNP tolerance). Furthermore, this study demonstrated that cerebral 
blood flow velocity is not affected by fitness level because mean flow velocity in the MCA 
decreased from rest to maximal LBNP by 15.5±5% for all subjects. 
Other studies that examined the effects of aerobic exercise on orthostatic tolerance 
did not include cerebral blood flow responses. The findings of the existing literature remain 
inconsistent. Some studies have found aerobic training to decrease orthostatic tolerance 
(Levine et al., 1991; Stevens et al., 1992), while others have found no differences among 
trained and untrained subjects (Lightfoot et al., 1989; Convertino et al., 1986). 
Levine et al. (1991) found high fit (V02max 2: 60 ml/kg/min) subjects to have lower 
LBNP tolerance than mid fit (V02max 45-55 ml/kg/min) and low fit (V02max _:s 40 ml/kg/min) 
subjects. The authors suggested orthostatic tolerance depends on a complex interaction of 
variables, both related and unrelated to exercise training, such as stroke volume and carotid 
baroreflex function. Levine (1993) suggested that athletes have larger resting stroke volumes 
(secondary to eccentric hypertrophy and a large end-diastolic volume) and slower heart rates 
than nonathletes, which is advantageous during exercise but may cause higher orthostatic 
intolerance as central blood volume is decreased. Compared to nonathletes, athletes have 
greater left ventricular compliance and distensibility which results in a larger decrease in 
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stroke volume when filling pressures are reduced by LBNP (Levine, 1993; Levine et al., 
1991). 
Convertino et al. (1993) suggested that the length of an aerobic training program and 
resultant increase in maximal oxygen uptake (V02max) seems to predict orthostatic tolerance. 
Convertino et al. (1993) argued that 10 weeks of endurance exercise training significantly 
increased LBNP tolerance by 28%. This training appeared to have increased cardiac reserve 
but required longer duration and greater orthostatic stress to reach the point at which arterial 
pressure would be compromised. However, Stevens et al. (1992) suggested that an 8-month 
endurance exercise program, which resulted in large increases in V02max and total blood 
volume, was sufficient to decrease LBNP tolerance due to a reduced vasoconstrictor and 
tachycardiac response. Importantly, Convertino et al. (1993) suggested that orthostatic 
tolerance was not compromised if exercise training does not increase V02max above ~55-60 
ml/kg/min and expand blood volume above 15%. Research has shown orthostatic tolerance 
to be lower in highly trained individuals with V02max of 65ml/kg/min as compared to that of 
sedentary control subjects (Raven et al., 1993). Raven et al. (1993) contended that V02max 
may not be an independent factor affecting orthostatic pressure because people who choose 
to train for endurance exercise generally have high V02max• Therefore, chronic endurance 
training and the resultant adaptations of the cardiovascular system and increased blood 
volumes, rather than an increased V02max, may be a bigger factor that reduces orthostatic 
tolerance. 
Although many studies suggest that orthostatic tolerance is lower in individuals with 
high aerobic fitness, some studies have demonstrated that aerobic fitness does not affect 
orthostatic tolerance (Lightfoot et al., 1989; Convertino et al., 1986). Lightfoot et al. (1989) 
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demonstrated that 10 weeks of aerobic training, which increased mean V02max from 45.7±1.5 
to 55.2±1.7 ml/kg/min, does not alter LBNP tolerance. They found no changes in heart rate, 
blood pressure, leg circumference, forearm blood flow, or forearm vascular resistance 
responses after training. The authors suggested that 10 weeks of aerobic training might not 
be a sufficient duration to reset either high- or low-pressure baroreflexes when arterial 
pressure is pertubated. Furthermore, since orthostatic tolerance depends on the maintenance 
of arterial pressure, differences in cardiac output and systemic peripheral resistance should be 
identified in people with low and high V02max (Convertino et al., 1986). Convertino et al. 
(1986) suggested that the peripheral vasoconstriction response and cardiac output did not 
differ in individuals with high aerobic capacity compared to those with a low V02max• They 
concluded that aerobic fitness is not a primary determinant of tolerance to large volumes of 
blood pooling in the lower extremities without significant compromise to cardiovascular 
reflexes that maintain adequate arterial pressure. 
Summary 
In summary, research is limited and conflicting on how age and fitness level affect 
cerebral blood flow velocity and orthostatic tolerance. Perhaps the natural aging process 
results in stiffer blood vessels and reduced baroreceptor responsiveness which may decrease 
cerebral blood flow velocity and result in a reduced orthostatic tolerance. Furthermore, the 
literature on aerobic exercise and orthostatic tolerance remains unclear. It is assumed that 
more aerobically fit people have larger veins in the lower extremities and more muscle 
surrounding the vessels, resulting in greater leg venous compliance and associated venous 
pooling. A subsequent decrease in tolerance to LBNP is expected because of the reduction in 
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venous return, thus reducing the heart's ability to maintain cardiac output. However, the lack 
of consistent findings reconfirms that further exploration is needed. 
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CHAPTER 3: METHODS 
Participants 
Forty subjects participated in the study. Twenty of the subjects were fit (10 young, 
10 elderly) and twenty of the subjects were unfit ( 10 young, 10 elderly). Subjects aged 60 or 
over were classified in the elderly group and subjects aged 20-30 were classified in the young 
group. Fitness level of participants was determined with a symptom-limited maximal stress 
test on a treadmill following the Bruce or modified Bruce protocol in the young and elderly, 
respectively (Foster et al., 1984). 
All subjects were nonsmokers and, based on feedback of personal physicians and 
review of medical history forms, free of known cardiovascular, peripheral artery, pulmonary, 
and cerebrovascular disorders. Females began testing during the follicular phase (days 3-10 
following the onset of menses) to control for the effect of the menstrual cycle on autonomic 
function (Minson et al., 2000). 
Orientation Session 
Each subject participated in an orientation session in which they were verbally 
informed of the risks and benefits of the research procedures. Height, weight, percent body 
fat, and graded exercise test results were determined. The subject also underwent a brief 
bout of lower body negative pressure (LBNP) during this orientation. The LBNP exposure 
consisted of2-minute stages at -10 mmHg, -20 mmHg, -30 mmHg, -40 mmHg, and -50 
mmHg using a commercially available vacuum and quantified using a pressure transducer 
(PS309, Validyne, Northridge, CA). 
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Subjects were asked to avoid exercise for at least 12 hours before the experiment and 
to avoid large meals or consuming alcohol- or caffeine-containing beverages for at least 3 
hours before testing. Each subject signed a written consent form approved by the 
Institutional Review Board of Iowa State University 
Experimental Protocol 
No earlier than two days after the stress test and orientation, the subject returned for a 
data collection session in which he or she was placed in the supine position inside the LBNP 
apparatus and sealed at the level of the iliac crests. The subject was supported by a bicycle 
seat inside the LBNP chamber with the feet not touching the base of the chamber. 
Instrumentation then preceded 12 minutes of baseline measurements ( at 0 mmHg). LBNP 
was then induced in increasing increments at -10 mmHg every 4 minutes to the point of 
maximal tolerance. LBNP was aborted upon: 1) the subject's request, 2) the completion of 
the four-minute -100 mmHg stage, and/or 3) the onset of presyncope. Signs and/or 
symptoms of presyncope included the sudden onset of nausea, sweating, lightheadedness, 
sudden tachycardia (2: 15 beats per minute compared to the previous minute), hypotension ( a 
decrease in systolic blood pressure of more than 25 mmHg or a decrease in diastolic blood 
pressure of more than 15 mmHg in less than one minute), or persistent development of a 
cardiac arrhythmia. Cessation of the LBNP normalized blood flow. Each subject was 
frequently instructed to remain motionless and silent throughout the testing. The 
environment was kept at 22-25°C for all sessions. 
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Measurements 
Heart Rate: Heart rate (HR) was recorded every minute with an electrocardiograph 
and 5 electrodes (V 5 configuration). 
Blood Pressure: Systolic blood pressure (SBP), diastolic blood pressure (DBP), and 
mean arterial pressure (MAP) were assessed every minute on the right arm with an 
automated oscillometric sphygmomanometer (Dinamap, J&J Medical, Tampa, FL). 
Blood Flow Velocity of Middle Cerebral Artery: A transcranial Doppler (TCD) was 
used to measure blood flow velocity in the MCA. A 2-MHz PW Doppler probe (Neurosoft, 
Inc., Sipplingen, Germany) was placed on the posterior temporal window, no more than 2.5 
cm above the zygomatic arch and just anterior to the right ear. A sample volume of 10-13 
mm and an insonation depth of 50-57 mm were set. After the optimum signal and desired 
angle were achieved, a plastic foam-lined headband secured the transducer during the 
entirety of the test. The systolic, diastolic, and mean velocities were derived from averages 
of respective velocities within the sample volume of insonation at the end of the resting 
stages (for 15 seconds after 3 ½, 7 ½, and 11 ½ minutes of rest) and was then compared to 
the end of each LBNP stage (for 15 seconds after 3 ½ minutes of each 4-minute stage). The 
transmission power was set to 100 mW and the scale setting was at 4500-6500 Hz. 
Statistical Analyses 
Individual cerebral blood flow values were calculated from the means taken from the 
last 30 seconds of the first 4 minutes of rest, second 4 minutes of rest, third 4 minutes of rest, 
as well as the last 30 seconds of each 4-minute LBNP stage and at presyncope. Heart rate 
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and blood pressure were calculated from the means of the last two minutes of each completed 
4-minute stage and then also at the two minutes preceding presyncope. 
The LBNP Tolerance Index (L TI) was used to quantify orthostatic tolerance by 
calculating the sum of the products of the length of time completed at each stage and the 
change in LBNP from the previous stage (Lightfoot et al., 1995). The mean arterial pressure 
(MAP) was estimated as 1/3 of the pulse pressure (PP=SBP-DBP) plus DBP. Repeated 
measures analysis of variance (ANOVA) was used to evaluate differences in group 
cardiovascular responses. Age, fitness (VO2max), body mass index (BMI, kg/m2), percent 
body fat, height, and weight were compared using one-way ANOV A. Differences were 
considered significant at a level of p < 0.05 and were located using the Student-Newman-
Keuls post hoc procedure. Values were expressed as means± S.E.M. 
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CHAPTER4: RESULTS 
Table 1 summarizes the characteristics for all subjects (10 unfit young, 10 unfit 
elderly, 10 fit young, and 10 fit elderly) who participated in the study. Importantly, L TI did 
not differ significantly between the four groups. The L TI is equivalent to the unfit elderly 
group terminating testing after 2 minutes of -80 mmHg, fit young after almost 3 minutes of 
-70 mmHg, fit elderly after 2 ½ minutes of -70 mmHg, and unfit young after 2 minutes of -70 
mmHg. 
Table 1 - Anthropometric data for all subjects (n=40) 
Unfit Young Unfit Elderly Fit Young Fit Elderly 
AGE (years) 23 ± 1 72 ± 1 *!? 23 + 1 73 + 2*!? 
HEIGHT (cm) 172 ± 3 168 ± 3 174 ±2 171 ± 4 
WEIGHT(kg) 88.8 ± 5.1 § 84.3 ± 5.2§ 67.5 ± 3.3 74.7 ± 4.1 *t§ 
BODY FAT(%) 27 ± 3§ 35 ± 2§ 16 ±3 28 ±2§ 
EST VO2MAX (ml/kg/min) 41.1 ± l.6t§ 26.9 ± 2.1 *§§§ 57.1 ± 2.o*t§§ 39.5 ± 1.7t§ 
BMI 30.3 ± 1 _9§§§ 29.6 ± 1.2§§§ 22.3 ± 0.8*t 25.4 ± 0.6*t 
BSA 2.01 ± 0.01 1.94 ± 0.01 1.81 ± 0.01 1.87 ± 0.01 
LTI 264 ± 17 305 ± 33 291 ± 18 277 ± 19 
Values are means± S.E.M. BMI = Body Mass Index. BSA= Body Surface Area. L TI= 
LBNP Tolerance Index. * P < 0.05 versus unfit young group. t P < 0.05 versus unfit 
elderly group. § P < 0.05 versus fit young group. §§ P < 0.05 versus fit elderly group. 
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Resting Responses 
Resting heart rate and pulse pressure responses were not different significantly 
between groups (Table 2). SBP, DBP, and MAP were significantly higher in the unfit elderly 
group than the other three groups at rest (Table 2). Resting blood flow velocities in the MCA 
did not differ significantly between groups (Figures 1,2, and 3). 
LBNP Responses Common To All Groups 
LBNP responses common to all groups included the 4-minute stages of -10 mmHg, 
-20 mmHg, -30 mmHg, and -40 mmHg, and the last completed stage (L). Two subjects 
(1 unfit elderly, 1 fit elderly) were excluded for reaching presyncope quite prematurely (L = 
-10 and -30 mmHg). The last full common stage for the other subjects to reach presyncope 
ranged from -50 mmHg to -100 mmHg, with three subjects completing the protocol. 
Systolic blood flow velocity in the MCA was significantly lower in the fit elderly 
group at -10 mmHg, -20 mmHg, -30 mmHg, and L compared to rest (Figure 1). Mean blood 
flow velocity in the MCA was significantly lower in the fit elderly group at L (26.6 ± 5.5 
cm/s) compared to rest (36.3 ± 5.5 cm/s). Mean HR responses were significantly higher for 
all groups at L compared to -10 mmHg, -20 mmHg, -30 mmHg, and -40 mmHg (Table 2). 
SBP, DBP, and MAP were significantly higher in the unfit elderly compared to the other 
three groups at each stage (Table 2). In the unfit elderly group, SBP, DBP, and MAP were 
significantly lower at L compared to -10 mmHg, -20 mmHg, -30 mmHg, and-40 mmHg 
(Table 2). Mean pulse pressure was significantly higher at -10 mmHg than L for the unfit 
young group (Table 2). Mean pulse pressure was also significantly higher in the unfit elderly 
group at -10 mmHg, -20 mmHg, -30 mmHg, and -40 mmHg than at L. 
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Presyncope 
Systolic and mean blood flow velocities in the MCA were significantly lower at 
presyncope in the fit elderly group compared to rest (Figures I and 2). Mean and diastolic 
blood flow velocities in the MCA significantly decreased at presyncope in the fit young 
group compared to rest (Figures 2 and 3). Diastolic blood flow velocity significantly 
decreased in the unfit young group at presyncope compared to rest (Figure 3). No significant 
changes in cerebral blood flow velocity were found in the unfit elderly group (Figures 1, 2, 
and 3). Mean heart rate immediately preceding LBNP termination (due to presyncope) did 
not significantly differ between groups but heart rate did significantly increase within each 
group compared to rest (Table 2). Systolic and diastolic blood pressure and mean arterial 
pressure within groups at presyncope (E) significantly decreased in the unfit young, unfit 
elderly, and fit elderly compared to rest (Table 2). The fit elderly group had significantly 
lower systolic and diastolic blood pressure, mean arterial pressure, and pulse pressure at 
presyncope as compared to the other groups (Table 2). Pulse pressure was significantly 
lower at presyncope within all groups compared to rest (Table 2). Three subjects were 
excluded from the presyncope data (2 unfit elderly, I fit young) due to finishing the entirety 
of the protocol without presyncopal symptoms. 
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Table 2 - Mean heart rate and blood pressure responses at rest and lower body negative 





































55 ± 2*§ 
69 ±4* 
117 ± 3 
139±6§§* 
110 ±4 
117 ± 3 
62±3 
74.1 ± l.9§h 
57 ± 1 
64±2 
83 ± 3 




65 ± 6*§ 
53 ±3 
53 +4 
HR= heart rate, SBP = systolic blood pressure, DBP = diastolic blood pressure, 
MAP= mean arterial pressure, PP= pulse pressure. *P < 0.05 vs L (within groups). 
§p < 0.05 vs -40 (within groups). tp < 0.05 vs rest (within groups). §§p < 0.05 vs same 
stage (between groups). There were 10 subjects in the unfit young, 10 in the unfit elderly, 
10 in the fit young, and 10 in the fit elderly group. 
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Table 2 - Continued 
Lower Body Negative Pressure (mmHg) 
Variable Group -10 -20 -30 -40 
HR Unfit Young 69 ± 3* 70 ± 3* 72 ±3* 77 ±3* 
(beats/min) Unfit Elderly 66±3* 67 ±3* 67 ±3* 70 ±4* 
Fit Young 55 ± 2*§ 57 ± 3*§ 59 ±3* 65 ±4* 
Fit Elderly 66 ±4* 67 ±4* 68±4* 71 ±4* 
SBP Unfit Young 119 ± 3* 116±3* 115 ± 3 114 ± 3 
(mmHg) Unfit Elderly 136 ± 6§§* 137 ± 7§§* 135 ± 7§§* 134 ± 7§§* 
Fit Young 110 ±4 110 ±4 109 ±4 109 ±4 
Fit Elderly 116 ± 4 117 ± 4 115 ± 4 115 ± 3 
DBP Unfit Young 63 ±2 61 ± 3 60±2 61 ±2 
(mmHg) Unfit Elderly 73.3 ± 2.1 §§* 73.2 ± 2.2§§* 73 .6 ± 1.9§§* 76.2 ± 2.2§§* 
Fit Young 57 ± I 58 ±2 57 ±2 57 ±2 
Fit Elderly 64±2 65 ±2 66 ±3 65 ±2 
MAP Unfit Young 85 ±2 83 ±3 83 ±2 82±2 
(mmHg) Unfit Elderly 96 ± 2§§* 95 ± 3§h 94 ± 3§§* 94 ± 3§§* 
Fit Young 75 ±3 75 ±2 76±2 76±3 
Fit Elderly 81 ±2 82±2 82±2 83 ± I 
pp Unfit Young 57 ± 3* 55 ±3 56±2 52±3 
(mmHg) Unfit Elderly 62± 7* 64 + 7* 61 ± 6* 58±6* 
Fit Young 53 ±3 52±3 52±6 52 ±3 
Fit Elderly 52 +4 52 + 5 49+6 50 +4 
HR= heart rate, SBP = systolic blood pressure, DBP = diastolic blood pressure, 
MAP= mean arterial pressure, PP= pulse pressure. *P < 0.05 vs L (within groups). 
§p < 0.05 vs -40 (within groups). tp < 0.05 vs rest (within groups). §§p < 0.05 vs same 
stage (between groups). There were 10 subjects in the unfit young, 9 in the unfit elderly, 
10 in the fit young, and 9 in the fit elderly group. 
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Table 2 - Continued 
Lower Body Negative Pressure (mmHg) 
Variable Group L E 
HR Unfit Young 92±5 92 ± 9t 
(beats/min) Unfit Elderly 88 ±6 92 ± 6t 
Fit Young 96±8 99± 11 t 
Fit Elderly 86±5 88 ± gt 
SBP Unfit Young 109 ± 3 77 ± 10t 
(mmHg) Unfit Elderly 112 ± 7 74 ± 15t 
Fit Young 105 ±4 81 ± 7 
Fit Elderly 112 ±2 44±13t§§ 
DBP Unfit Young 61 ± 3 43 ± 6t 
(mmHg) Unfit Elderly 67 ±2 46 ± gt 
Fit Young 58±2 49±5 
Fit Elderly 64±2 29 ± 9t§§ 
MAP Unfit Young 81 ±4 57 ± gt 
(mmHg) Unfit Elderly 83 ±4 58± 11 t 
Fit Young 78±4 61 ± 7 
Fit Elderly 84 ±3 34 ± 1ot§§ 
pp Unfit Young 48±3 35 ± 5t 
(mmHg) Unfit Elderly 45 ± 7 28 ± 7t 
Fit Young 46±3 32 ±3t 
Fit Elderly 47 +2 15 + 4t§§ 
HR= heart rate, SBP = systolic blood pressure, DBP = diastolic blood pressure, 
MAP = mean arterial pressure, PP = pulse pressure. L = Last full common stage 
completed before reaching presyncope. E = Presyncope. *P < 0.05 vs L (within groups). 
§p < 0.05 vs -40 (within groups). tp < 0.05 vs rest (within groups). §§p < 0.05 vs same 
stage (between groups). For L, there were 10 subjects in the unfit young, 9 in the unfit 
elderly, 10 in the fit young, and 9 in the fit elderly group. For E, there were 10 subjects 
in the unfit young, 8 in the unfit elderly, 9 in the fit young, and 10 in the fit elderly group. 
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Figure 1. Systolic blood flow responses to lower body negative pressure. 
*=next to group with significant difference (P < 0.05) vs rest 
(within groups). 
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Figure 2. Mean blood flow responses to lower body negative pressure. 
* = next to group with significant difference (P < 0.05) vs rest 
(within groups). 
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Figure 3. Diastolic blood flow responses to lower body negative pressure. 
*=next to group with significant difference (P < 0.05) vs rest 
(within groups). 
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CHAPTER 5: DISCUSSION 
Few studies have examined the roles of age and activity level on cerebral blood flow 
during LBNP. The purpose of the present study was to determine whether cerebral blood 
flow decreases with LBNP and if cerebral blood flow responses differ across age and fitness 
groups. 
Assessments of the effects of age on cerebral blood flow responses to LBNP are 
limited. Of the existing cerebral blood -flow studies, none were performed with LBNP using -
people over the age of fifty. Instead, head-up tilt has been used to induce orthostatic stress in 
older subjects (instead of LBNP). While Blaber et al. (1997) and Brooks et al. (1989) found 
older subjects to preserve cerebral autoregulation with head-up tilt, Bondar et al. (1995) 
found the mean flow velocity in the MCA to consistently decrease in younger subjects with 
LBNP. We hypothesized that cerebral blood flow velocity would decrease with LBNP and 
that there would be differences in cerebral blood flow responses between the elderly and 
young. We found that mean cerebral blood flow responses do not differ significantly with 
LBNP (until presyncope) and cerebral blood flow responses do not differ significantly 
between the elderly and young. 
Our findings that mean cerebral blood flow responses do not differ significantly with 
submaximal orthostatic stress are consistent with the findings by Blaber et al. (1997) and 
Brooks et al. (1995). However, these findings are inconsistent with the findings of Bondar et 
al. (1995), Zhang et al. (1997), and Zhang et al. (1998), who suggested that cerebral blood 
flow in the MCA decreases substantially during LBNP without a significant change in mean 
arterial pressure from baseline. Our findings that cerebral blood flow responses do not differ 
significantly between the elderly and young during LBNP cannot be compared to other 
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studies because the lack of similar methodologies (head-up tilt versus LBNP) with 
comparisons of age groups. 
Research is also limited on the effects of fitness on cerebral blood flow responses to 
orthostatic stress. Levine et al. ( 1994) found cerebral blood flow to be unaffected by fitness, 
while other studies that examined the effects of aerobic fitness on orthostatic tolerance did 
not include cerebral blood flow responses. Levine et al. (1991) did not examine cerebral 
blood flow responses to aerobic training, but concluded that high fit (V02max::: 60 ml/kg/min) 
subjects had a lower orthostatic tolerance than lesser fit subjects. Convertino et al. (1993) 
argued that 10 weeks of aerobic training was sufficient to increase tolerance by 28% and 
orthostatic tolerance would not be compromised unless exercise training increases V02max to 
about ,_,55-60 ml/kg/min and expands blood volume above 15%. On the other hand, Stevens 
et al. (1992) suggested that an 8-month endurance exercise program was sufficient to 
decrease orthostatic tolerance. We also hypothesized that cerebral blood flow responses 
would differ between the fit and unfit. Our study demonstrates that cerebral blood flow 
significantly decreases more with fit people than unfit people at presyncope (Table 2). 
The present finding that cerebral blood flow velocity remains constant is similar to 
the study by Zhang et al. (2000), who argued that cerebral blood flow should remain constant 
with blood pressure changes if autoregulation exists. Our study also found blood pressure to 
drop at presyncope compared to baseline in the unfit young, unfit elderly, and fit elderly 
groups, even though mean cerebral blood flow decreased significantly only in the fit groups. 
Zhang et al. (1997) observed no significant change in mean cerebral blood flow velocity 
during low levels of LBNP, but found mean velocity to decrease with high levels of LBNP 
without a significant change of mean arterial pressure. However, Levine et al. (1994) found 
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cerebral blood flow velocity to decrease during graded LBNP, which is contrary to the 
traditional concept of cerebral autoregulation and resultant maintenance of cerebral blood 
flow. The finding that cerebral blood flow decreases significantly more with fit people is 
surprising since Levine et al. (1994) found cerebral blood flow velocity to be unaffected by 
fitness level. Even though the present study found cerebral blood flow to significantly 
decrease in fit subjects as compared to unfit subjects at presyncope, we found no significant 
differences in orthostatic tolerance (L TI) across fitness or age groups. The differences in 
cerebral blood flow cannot be fully explained by variables normally associated with fitness-
related differences in tolerance. Increases in blood volume have been associated with 
increases in orthostatic tolerance, especially in unfit subjects who become fit. Furthermore, 
limb venous compliance is enhanced with chronic exercise. However, since L TI did not 
differ between groups, blood volume and limb venous compliance likely did not affect 
cerebral blood flow velocity. 
In summary, the main findings of the study are that 1) cerebral blood flow velocity 
--- remains -fairly-constant during LBNP (compared to rest) until presyncope, 2) cerebral blood --
flow responses do not significantly differ between the elderly and young, and 3) cerebral 
blood flow significantly decreases more in fit people than in unfit people at presyncope. In 
other words, cerebral blood flow decreases more in fit people regardless of age. Our findings 
suggest that cerebral autoregulation occurs throughout LBNP until presyncope, in which the 
fit young and fit elderly groups had significant decreases in cerebral blood flow compared to 
rest. 
The present study expanded on previous orthostatic tolerance studies in two ways. 
First, the present study tested a relatively large group of subjects, 20 elderly subjects and 20 
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young subjects, with extreme differences in V02max• No known studies have examined the 
effects of cerebral blood flow during LBNP in older subjects. Second, unlike many studies, 
the goal of the present study was to take every subject to presyncope, which was 
accomplished in 3 7 of the 40 subjects. In conclusion, mean cerebral blood flow decreases 
more at presyncope in fit people than unfit people, regardless of age. 
Limitations 
It is important to emphasize that measurements in cerebral blood flow velocity do not 
necessarily reflect changes in blood flow. As Zhang et al. (1998) points out, in order for 
blood flow and velocity to be proportional, the diameter of the MCA (which is difficult to 
measure) has to remain constant. Since Zhang et al. (1997) reported the diameter changes of 
the MCA to be so minimal ( < 3% ), changes in cerebral blood flow velocity should be 
proportional to changes in flow. Another limitation is that arteriosclerosis and 
atherosclerosis were not accounted for in our study. Arteriosclerosis or atherosclerosis could 
skew cerebral blood flow velocity and would make it difficult to compare significant changes 
in cerebral blood flow among groups, especially if one group were to be more affected by 
this than the others. Furthermore, estimating V02max based on time on the treadmill is not the 
most accurate way to obtain the true V02max· However, our methodology was the easiest and 
safest for the elderly subjects and we wanted to be consistent across groups. 
Recommendations for Future Research 
Since the present study examined groups that were unfit young, unfit elderly, fit 
young, and fit elderly, it would be ideal to obtain sample sizes large enough in each group to 
find the effects of gender within each group. The present study had an even number of males 
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and females in each group however, time constraints did not allow our sample size to be 
large enough to examine a gender effect. Another suggestion is to assess cerebral blood flow 
data post tolerance testing and determine how long it takes for cerebral blood flow velocity to 
return to baseline. Finally, examining plasma catecholamines, stroke volume, cardiac output, 
forearm blood flow, blood volume, and limb venous compliance would have provided more 
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